INTRODUCTION
In man the localization of conduction abnormalities in ulnar and peroneal nerve entrapments has been limited by measurement of the mean conduction times and changes in muscle and nerve compound action potential over a 10 or more centimeter (cm) length of the nerve bridging the level of 'entrapment' (Payan, 1969; Eisen, 1974; Singh et al., 1974) . Similarly, methods to locate the conduction abnormalities in carpal tunnel, median nerve entrapments have been limited to measurement of the median motor terminal latency and the distal latencies of median digital sensory nerve action potentials (Simpson, 1956; Thomas, 1960; Thomas et al., 1967; Buchthal et al., 1974) and at times the transcarpal tunnel sensory conduction time (Wiederholt, 1970; Buchthal, Rosenfalck, 1971) .
Histological investigation of the type and location of structural abnormalities in human peripheral nerve entrapments have also been limited (Marie, Foix, 1913; Sunderland, Bradley, 1952; Thomas, Fullerton, 1963; Chang et al., 1963; Neary, Eames, 1975; . Recent reports of experimental acute pressure neuropathy and the chronic entrapment neuropathy in the guinea pig (Ochoa et al., 1972; Ochoa, Marotte, 1973) have stressed the probable importance of mechanical factors.
To understand the mechanisms of entrapment neuropathies in man it is important to locate and identify the types of conduction abnormalities in the disordered peripheral nerves. The method chosen to investigate these problems has been to stimulate the exposed nerves at multiple points and record the changes in the evoked maximum muscle compound potentials (MCPs) of muscles distal to the entrapment.
METHODS

Patients:
The clinical data of patients with median and ulnar nerve entrapments is listed in Table I and II respectively. Fifteen percent of the patients with median nerve entrapment had thenar (T) wasting and 85% of the patients with ulnar nerve entrapment had hypothenar (HT) wasting. The common peroneal nerve neuropathies located at the fibular head were the result of direct compression. Each patient was examined clinically and investigated electrophysiologically pre and post operatively.
Surgical Exposure:
The intraoperative investigations were carried out under general anesthesia except for a 78-year-old man with median neuropathy. The pneumatic tourniquet, if used in the period of surgical exposure of the nerve, was released at least 15 minutes prior to the electrophysiological investigations. In no case was the tourniquet used longer than 25 minutes. No neuromuscular blocking agents were used. The temperature of the exposed nerves could not be properly controlled in the operating room. The temperature on the surface of the 5 exposed nerves in which it was recorded varied from 28 to 35°C.
The ulnar nerves were exposed and freed from surrounding tissues 4-5 cm proximal (-) and distal (4-) to the medial epicondyle tip; a length that included 1-2 cm proximal and distal to the cubital tunnel entrance. (Figure 1 ). Figure I -Method of stimulation of the exposed ulnar nerve.
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The arrow points to the tip of the medial epicondyle. On the right, forceps mark the proximal edges of the divided aponeurosis of the flexor carpi ulnaris. Stimulation by means of bipolar electrodes, the cathode being placed at successive 1 centimeter marks.
The surgical exposure of the median nerve permitted stimulation of the nerve at least 1-2 cm proximal (-) to the origin of the flexor retinaculum and, in most, distal (-)-) as far as the origin of the recurrent thenar motor branch.
The common peroneal nerve divides into 2 major divisions, superficial and deep, distal to the entry point of the nerve into the peroneus longus muscle. The common peroneal was stimulated proximal to the peroneus longus muscle bridge and the deep peroneal division distal to this point. Thus, it was possible to compare the maximum compound potentials of the extensor digitorum brevis (EDB) evoked by stimulation proximal (-) and distal (-)-) to the fibular head.
Paper measuring tapes that did not change in length when wet, were trimmed to fit the length of the nerve. The surface tension held the tapes firmly enough to avoid movement. evoked by stimulation at two points along the length of a nerve. In healthy nerve, little (less than 5%) change in the negative potential area or p-p voltage occurs between stimulation points less than 20 cm apart. Only the negative potential area was measured because late (F or H) discharges can contribute to the positive potential. S denotes stimulus. LOWER: A significant reduction in the voltage and negative potential area of the muscle maximum compound potential (MCP) (B2) evoked by stimulation at a point proximal to a nerve entrapment point compared to the MCP (Bi) evoked by distal stimulation is illustrated. The one half negative peak latency change; here designated ( A t) was chosen as the conduction time index because it was difficult at times to identify the precise point of origin of the initial negative inflexion from the baseline of individual motor units and compound motor potentials. Note, however, that changes in the rise time of the initial negative inflexion could lead to disproportionally greater changes in the conduction time than would otherwise be obvious from measurements of the conduction time between initial negative inflexions.
Electrophysiology:
The parameters measured (Fig. 2 ) included the peak to peak voltage (p-pV), negative peak voltage (-pV), the V2 -pV latency and the negative potential area. The last was included to partially correct for changes in the -pV and p-pV that could have resulted from changes in the impulse velocities of motor units contributing to the maximum compound potential. Except for complex potentials that necessitated measurement of the conduction times by hand, all the parameters were measured by means of a program utilizing a Hewlett-Packard 2100S computer. The area measurements in the earliest investigations were obtained by means of a Hewlett-Packard 9864A digitizer.
The maximum compound potentials of thenar (T), hypothenar (HT), extensor digitorum brevis (EDB) and in one case peroneus brevis were recorded by means of surface electrodes using conventional methods (Brown, Feasby, 1974) . For comparison to the maximum compound (HT) and (EDB) potentials produced by stimulation of the exposed nerve, the respective (HT) and (EDB) maximum compound potentials evoked by percutaneous stimulation of the ulnar nerve at the level of the wrist and anterior tibial nerve at the level of the ankle, were recorded at the time of the intraoperative investigations. In the me-
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Location of Abnormalities in Entrapment Neuropathies dian nerve, carpal tunnel entrapments, it was most important to locate the earth electrode properly to limit the occasional, troublesome, stimulus artifact produced by stimulation of the median nerve at the distal end of the tunnel. An uninsulated needle electrode inserted into the thenar mass between the stimulating and recording electrodes was used as the earth electrode. Changes in the stimulus artifact from stimulation point to stimulation point along the length of the nerve sometimes necessitated changes in the location of the earth electrode to best minimize the artifact.
To locate and identify the type of conduction abnormality, the exposed nerves were stimulated directly by means of bipolar DISA 13K72 electrodes. The interelectrode distance was 6 mm and the diameter of each of the electrodes 1 mm. The tips of this electrode were bent into semicircular hooks onto which the nerve was lifted, free from the nearby tissues. The ulnar and peroneal nerves were stimulated at 1.0 cm intervals and the median nerve at 0.5 cm intervals by means of isolated pulses, 0.05-0.1 milliseconds in duration, and frequency less than 1 per second delivered by a All 23 median nerves were constricted along the length of the carpal tunnel. In only 7 was the constriction confined to a length less than 2 cm. Such focal constrictions were most commonly located in the first 1 to 2 cm distal to the proximal border of the flexor retinaculum. In 3 median nerves explored, the nearby synovial tissue was thickened. Bluish discoloration was noted in 2 median nerves. It was difficult to judge the importance of thickening of the flexor retinaculum. This observation has been reported in most of the explored median nerves but has not been checked against the findings in age matched control subjects. In cadaver hands, thickening of the flexor retinaculum in the mid segment has been reported (Robbins, 1963 ).
Conduction Block:
In 6 median nerves the negative potential area of the (T) maximum compound potential increased more than 10% as the point of stimulation moved from proximal to distal along the nerve (Fig. 3A) . The 'unblock' occurred distal to the 0.5 cm segment having the maximum conduction time in 2 median nerves and over the identical segment in 4 median nerves. In the remaining 17 me-THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES (cm) Figure 3A -Female, 38-years-old, who had clinical evidence suggesting the carpal tunnel syndrome. The motor terminal latency (MTL) measured preoperatively was 5.3 msec. At operation the median nerve was observed to be flattened along the length of the carpal tunnel but no enlargement was noted proximal to the carpal tunnel. The most abnormal increases in conduction time ( A t ) occurred proximal to the origin of the carpal tunnel. Significant conduction block, evident from the change in the negative potential area and the negative potential voltage was observed. 3B-Female, 63 years of age with typical carpal tunnel sensory symptoms. The preoperative motor terminal latency (MTL) was 8.1 msec. Local constriction of the median nerve was noted between 1.5 and 2.0 cm distal to the origin of the carpal tunnel; the maximum increase in conduction time occurring in the identical segment. Zero (0) marks the origin of the carpal tunnel; stimulation points proximal to the tunnel being denoted by the negative (-) sign. The plots of the conduction time (A t) in milliseconds (msec), peak to peak voltage in millivolts (mV) and negative potential area in millivolt milliseconds (mVmsec) of the maximum thenar compound potentials evoked by stimulation of the median nerves at points proximal (-) and distal to the origin of the carpal tunnel are illustrated. dian nerves no significant change in the negative potential area or p-p voltage of the (T) maximum compound potential was observed.
Location of Conduction Time Abnormalities:
The location of the 0.5 cm segment(s) having the maximum conduction time(s) was proximal (-) to the flexor retinaculum in 4 median nerves, one example of which is shown in Fig. 3A . It was also found in the first 1 to 2 cm distal to the proximal border of the flexor retinaculum in 15 median nerves (Figs. 3B, & 4) and distal to 2 cm in 4 median nerves (Fig. 4) . A focal increase in the conduction time (a conduction time over a 0.5 cm segment of a nerve more than 2 times the conduction time of the other 0.5 cm segments) was noted in 6 median nerves. An example of such a focal increase in conduction time is illustrated by Fig. 5 . This diabetic, 54-year-old female had a median motor terminal latency of 4.7 msec but no thenar wasting or weakness. The local constriction of the median nerve was observed between 0 and 2 cm. Between 0 and 0.5 cm an increase in conduction time occurred (1.2 msec) that corresponded to a conduction velocity of 4.0 m/s.
In the other 17 median nerves, the abnormal increase in the conduction time was more evenly distributed along the length of the nerves (Fig.  4) . The maximum conduction times recorded over a single 0.5 cm segment in the 23 median nerves had a range of 0.3 to 5.9 msec, the latter representing a maximum conduction velocity less than 1 m/s. This abnormal conduction time occurred in a diabetic that had a preoperative thenar motor terminal latency of 11.0 msec, intraoperative evidence of conduction block and a bluish discoloration of the median nerve in the carpal tunnel. (Fig. 6) / / . ULNAR NERVE ENTRAPMENTS 1. Operative Findings:
The ulnar nerve was bound down by connective tissue in the epicondylar groove in 7 cases, enlarged in the epicondylar groove in 2 cases and edematous along its entire length in one case. Enlargement of the ulnar nerve in the epicondylar groove was not as frequent as reported in cadavers (Chan et al., 1963) or at operation (Richards, 1945; Jensen, 1959) .
In no ulnar nerve was deformation or constriction of the nerve seen at the level of the aponeurotic arch of the flexor carpi ulnaris muscle. This is in contrast to the observations of Feindel and Stratford (1957) . Focal constrictions of the ulnar nerve were noted in 2 cases, in one between 0 and 1 cm and in the other distal to the cubital tunnel from 2 to 3 cm.
Motor Conduction Velocities:
Conduction velocity measure- ments in the ulnar nerves of the 14 patients investigated intraoperatively and controls are listed in Table III . The maximum motor conduction velocity in the ulnar nerves across the elbow segment was obtained by measurement of the distance between stimulation points proximal and distal to the sulcus with the elbow flexed as suggested by Checkles et al., (1971) . In 2 cases with normal preoperative maximum motor conduction velocities over the elbow segment, significant but usually focal abnormalities of the conduction time in 1 cm segments were observed on intraoperative direct stimulation of the nerve (Fig. 7) . 3. Conduction Block: Conduction block was noted in 4 ulnar nerves. The block occurred distal to the segments(s) having the maximum conduction time(s) in 2 ulnar nerves. In one male alcoholic, who reported paresthesia in the ulnar digits and had minimal (HT) wasting, an increase in the (HT) p-p voltage and negative potential area and the maximum increase in the conduction times occurred over (Fig. 8 ) Another patient with marked (HT) wasting had 19 distinct motor unit potential steps that could be counted by graded electrical stimulation of the ulnar nerve at the level of the wrist. At -4 to -1 cm only 2 distinct motor unit potential steps could be counted. Stimulation at points 0 to 2 evoked 3 distinct motor unit potential steps and 2 additional motor unit potential steps could be excited at 3 and 4 cm. These observations have been shown in Fig. 9 and point to conduction block in (HT) motor axons occurring over a long length of the nerve at the elbow. The maximum conduction block apparently occurred distal to 4 cm in the forearm.
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Conduction Time Abnormalities:
In certain patients, the conduction time abnormality(ies) were restricted to a short 1-2 cm length of the nerve (Fig. 8) . One example of such a restriction is illustrated in Fig. 10 . This patient had paresthesia and numbness in the ulnar distribution, minimal (HT) wasting, but no evidence of denervation or hypothenar motor unit loss. The negative potential area and p-pV of the hypothenar maximum compound 2 8 3 potentials evoked by stimulation of the ulnar nerve at points proximal and distal to the medial epicondyle and at the level of the wrist did not differ much even though a minimal change in the configuration and p-p voltage of the hypothenar maximum compound potential occurred across the tip of the medial epicondyle. The most marked abnormalities were the increases in conduction time over the 1 cm segments proximal and distal to the tip of the medial epicondyle. Figure 11 shows the abnormal increases in conduction time more evenly distributed over the length of the ulnar nerve (Fig. 11) . In this nerve, no significant change occurred in the negative potential area or p-pV of the hypothenar maximum compound potentials evoked by stimulation at the level of the wrist compared to stimulation at points as much as 5 cm proximal and 5 cm distal to the tip of the medial epicondyle. The clinically and electrophysiologically least ulnar neuropathy included was a female aged 34 who reported intermittent tingling in the IVth and Vth digits only. Pre-operatively she had a normal hypothenar motor unit estimate and a reduction in the maximum motor conduction velocity across the elbow segment to 46 meters. The motor conduction times by intraoperative stimulation of the nerve in the 1 cm proximal and distal to the medial epicondyle were approximately twice the conduction times over 1 cm segments that could be expected in control nerves based on surface stimulation (0.15 -0.20 msec), but conduction block was not noted.
The distribution of conduction time abnormalities in 8 other ulnar nerves is illustrated in Fig. 12 . The largest increases in conduction time were located proximal to the cubital tunnel and in all but 1 case were proximal to the medial epicondyle tip or between 0 to 1 cm. ///. PERONEAL NERVE NEUROPATHY In the first case, the common peroneal nerve was reported to be enlarged proximal to the entry of the nerve into the peroneus longus muscle. The negative potential area of the extensor digitorum brevis (EDB) maximum compound potential increased 40% from -2 to 0 cm; the conduction times being correspondingly increased from -4 to 0 cm.
In the second case ( Fig. 13 ) an equally obvious increase in negative potential area and p-pV of the (EDB) and peroneus brevis maximum compound potentials occurred when the deep branch of the peroneal nerve was stimulated distal ( + ) to reference point 0 (the entry point in the peroneus longus muscle). The maximum increase in the conduction times corresponded to the segments of the nerve in which the conduction block was observed. In this nerve, a dense fibrous tissue band was noted about the nerve at the point of entry into the peroneus longus muscle. From inspection of the nerve at surgery no explanation was obvious for the abnormal conduction times in (EDB) and peroneus brevis axons in the nerve from -3 to -2 cm.
DISCUSSION
The motor terminal latency and digital sensory potential distal latencies represent conduction times in a nerve more than 5.0 cm in length in the median nerve. In the ulnar and
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Location of Abnormalities in Entrapment Neuropathies Figure 6 -Diabetic male, 49 years of age, who complained of pain and numbness in the fingers of both hands. The preoperative motor terminal latency was 11.0 milliseconds. Intraoperatively, the median nerve was observed to be markedly contricted along the length of the carpal tunnel. RIGHT: The maximum thenar compound potentials evoked by stimulation of the exposed median nerve at 0.5 cm intervals, proximal (-) and distal to the origin of the carpal tunnel are illustrated. Stimulation at each point was just supramaximal for the observed evoked potential. Changes in the stimulus artifact are partly the result of changes in the distance between stimulating and recording electrodes and the angle subtended by the nerve and long axis of the thenar muscles. The position of the earth electrode had to be changed between -1.0 and -1.5 cm and again between 0 and 0.5 cm in order to minimize the stimulus artifact. That the second potential inflexion recorded at 1.0 cm is not the same potential inflexion noted between 0 and -1.5 cm is evident by the differences in potential configuration and area and the longer latency of the second potential compared to the potential latency at 0 cm. LEFT: The changes in conduction time ( A t ) and voltage (p-pV) of the evoked potentials are plotted, 0 corresponding to the origin of the carpal tunnel. In this case, the conduction times ( A t) were calculated to the initial inflexion of the thenar compound potential and not the one-half negative potential amplitude. The maximum conduction time occurred between 0.0 and 0.5 cm. Major conduction blocks occurred between 0 and 0.5 and 1.0 cm and again between 1.5 and 2.0 cm. Symbols are as in Figure 3 .
cm)
peroneal nerves the minimum distance between electrodes located distal and proximal to the entrapment has been at least 10 cm (Payan, 1969; Eisen, 1974; Singh et al., 1974) . As a consequence, even marked focal abnormalities in conduction time could lead to little significant overall change in the maximum conduction velocity in the nerves.
The most frequent locations of the important conduction abnormalities in the ulnar nerve were 1 cm proximal and distal to the medial epicondyle. In the median nerve they were in the first 1-2 cm distal to the beginning of the carpal tunnel. In the peroneal nerve, the most abnormal conduction times occurred proximal or distal to the entry of the common peroneal nerve into the peroneus longus muscle.
Variations in the location of the conduction abnormalities were common. In some median and ulnar nerves the abnormal conduction times and conduction block were evenly distributed along the length of the nerve. In other nerves the conduction abnormalities occurred in unusual positions. For example, in the median nerve the largest increases in conduction time occurred proximal to the flexor retinaculum in about 18% or at the distal end of the carpal tunnel in 13% of the nerves investigated.
Local conduction abnormalities or pathological changes in the appearance of the ulnar nerve at the entrance to the cubital tunnel were not observed in the 13 nerves investigated. The entrance to the cubital tunnel was at least 2 cm distal to the tip of the medial epicondyle in each case. Nevertheless, the conduction time abnormalities observed in the first 3-4 cm proximal to the entrance of the cubital tunnel could have been the result of cubital tunnel entrapment. This is supported by the report that conduction abnormalities in a peripheral nerve may extend up to 7 cm proximal to the level of experimental crush (Cragg, Thomas, 1961) . Nonetheless, the most obvious abnormalities in the appearance of the 14 ulnar nerves were located in the epicondylar grove, an observation in agreement with other reports (Nicolle, Woolhouse, 1965; Staal, 1970; Chang et al., 1963; McGowan, 1950; Jensen, 1959) and did not support the contention that the cubital tunnel entrapment is a frequent cause of ulnar neuropathy (Feindel, Stratford, 1957; Wadsworth, Williams, 1973; Eisen, Danon, 1974) . However, a recent report of the pathology of ulnar nerve compression in man (Neary, The maximum hypothenar compound potentials evoked by stimulation at points proximal and distal to the medial epicondyle and by stimulation at the level of the wrist are illustrated. BELOW: The corresponding plots of the changes in the negative potential area, peak to peak voltage and conduction times are plotted. Symbols used are the same as in Figure 7 . Between -1 cm and 1 cm the negative potential area increased by a factor of 2. The maximum conduction time over a 1 cm segment was located between -1.0 cm and 0 cm (tip of the medial epicondyle). Figure 9-UPPER: Graph illustrating the number of distinct motor unit potential steps that could be evoked by graded stimulation of the ulnar nerve at the wrist (W) and at points -4 to 4 along the exposed length of the ulnar nerve at the elbow. LOWER: Changes in the conduction time between excessive maximum hypothenar compound potentials evoked by stimulation at successive 1 cm segments. The cubital tunnel entrance was located 2 cm distal to the medial epicondyle. Eames, 1975) described a firm nodular swelling of the ulnar nerve immediately proximal to the entrance to the cubital tunnel. The most prominent histological abnormalities extended for a distance 1.5 cm proximal and distal to the entrance. The exact location of the injury to the ulnar nerve is likely to remain in doubt until more extensive histological and electrophysiological data on human ulnar neuropathies becomes available. Conduction block was not frequent, occurring in Vb of the ulnar nerves and only l A of the median nerves. Both peroneal nerves had conduction block. It might be expected that the conduction block would occur in the segments of the nerve having the maximum increase in conduction time. Exceptions were found in which the block occurred distal to the segments having the maximum increases in conduction 
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Figure 13-Male, 14 years of age with a peroneal neuropathy of 4 weeks duration. 0, represents the point of entry of the peroneal nerve into the peroneus longus muscle. Points proximal to that entry point are preceded by the sign (-). The maximum compound potentials recorded on the surface from the peroneus brevis (PB) and extensor digitorum brevis (EDB) muscles were recorded and the corresponding parameters plotted for each of the stimulation points proximal and distal to the point 0. The conduction times ( A t) between successive maximum extensor digitorum brevis and peroneus brevis compound potentials evoked by stimulation at 1 cm intervals are plotted together with the corresponding changes in peak to peak voltage (p-pV) and negative potential areas (mVmsec). time. It must be remembered, however, that the conduction times proximal to a block do not infer anything about conduction times in blocked fibers distal to that point. Definite abnormalities of conduction times were present over 0.5-1 cm segments in median nerves that had a motor terminal latency or digital sensory potential latency in the normal range. Similar abnormalities were found in the ulnar nerve in spite of a maximum motor conduction velocity across the trans-sulcul segment of the nerve in the normal range.
The most important technical limitations of the present method of direct stimulation of the exposed nerves were uncertainty of the exact point of stimulation and the inability to control the temperature of the nerves. Reductions in the nerve temperature were unlikely to change the general pattern and type of conduction abnormality but could be expected to reduce the conduction velocity (Paintal, 1965) and increase the safety factor for nerve impulse transmission (Rasminsky, 1973) . The latter would lead to a reduction in the proportion of nerve fibers possibly blocked at a higher temperature. Despite the careful placement of the stimulating electrodes and the reproducibility of the latencies at each point of stimulation, the exact excitation point must remain uncertain. This is particularly true of pathological fibers with possible nodal and paranodal structural abnormalities, . It must also be recognized that the internode lengths of motor axons can be one or more millimeters, large values in relation to the 5 millimeters that separated successive stimulating electrode positions in the median nerve. For that reason, the exact point of excitation of the nerve fibers may not be directly opposite the cathode despite the care taken to insure that the stimulating voltage was just supramaximal for the maximum compound potential.
In patients with no clinical evidence of a disorder of the peripheral nerves clearcut structural abnormalities have been observed in the median nerve at the level of entrapment in the carpal tunnel and in the ulnar groove, particularly just proximal to the cubital tunnel . Pathological changes included the increased frequency of Renaut bodies and connective tissue at the level of the entrapment. There were also distortions of the internodes that consisted of bulbus enlargements at the ends of internodes directed away from the level of the entrapment and at the opposite ends of the internodes, thinning and retraction of the myelin. In ulnar nerves associated with ulnar hand muscle wasting (Neary, Eames, 1975) comparable but more extensive internode changes, including internode demyelination at the level of injury, have been described. The bulbar swellings were evident as much as 5 cm proximal and 4 cm distal to the central part of the lesion.
The relation of the above structural abnormalities to the conduction changes in the median and ulnar nerves reported here is uncertain and likely to be dependent on more extensive quantitative investigations. The type and location of struc-
